The quality of a crystallized potassium-doped amorphous silicon film was investigated using transmission electron microscopy. It was discovered that the planar epitaxial growth of the amorphous layer was upset after a certain concentration of potassium was encountered by the interface. The crystal recovered subsequent to this point was twinned. The twins lie on ͕111͖ planes. The results from the transmission electron microscope analyses were correlated with the rate of solid-phase epitaxy as deduced using time resolved reflectivity and the potassium distribution measured using secondary ion mass spectroscopy. The roughening of the interface due to the growth of twins was determined as a function of depth from the extinction of reflectivity amplitude in the time resolved reflectivity trace. An amorphous silicon film in contact with a crystalline substrate may be crystallized with the addition of energy in the form of heat or ion bombardment. This solid-phase epitaxial process occurs at the interface between the two phases and, in uncontaminated ͑100͒ oriented wafers, will result in the recovery of pristine crystal with the same orientation as the substrate.
enhance the rate of solid-phase epitaxy ͑SPE͒. The inclusion of n-type dopants exactly electrically compensated by p-type dopants returns the rate to the intrinsic case. This enhancement has been most successfully accommodated by the generalized Fermi level shifting ͑GFLS͒ model. 2, 3 The rate enhancement is often compromised by dopant concentrations in excess of their solid solubilities and subsequent segregation effects. These retard the rate and result in defective films as noted for arsenic, 1 gallium, indium, antimony, and bismuth. 4 Most of the nondoping impurities retard the rate of SPE and may also introduce a degradation of the resulting film, depending on the concentration of the impurity.
The effect of potassium has not been explored in this context. Potassium is a donor in crystalline silicon. Moreover, this impurity is expected to yield interesting results since potassium and other alkali metals have been found to be efficient dopants of the amorphous phase due to their interstitial rather than substitutional nature in the lattice. 5 In the case of substitutional dopants, doping of the amorphous phase is not effective; the average coordination number of the implanted dopant atoms is found to be less than four even after a post-implantation annealing step. It can be concluded from this that a substantial fraction of the dopant atoms are not electrically active in the amorphous phase. 5 At the amorphous/crystalline interface there must be significant band bending to enforce the continuity of the Fermi level from the doped crystalline side to the amorphous region where E F is pinned at midgap by defect states. Doping of amorphous films with interstitial dopants such as potassium may allow the Fermi level to shift away from midgap which would affect the distribution of the defects in the amorphous phase among their available charge states and also the degree of band bending at the interface. The most sophisticated models of SPE like the GFLS model do not describe the exact structure of the interface or take into account parameters from the amorphous material. Thus the effect of potassium on the rate of SPE is forwarded as a valuable means of assessing models of this process. As an initial step we must examine the effect of potassium on SPE in silicon within a potassium concentration regime which is likely to give rise to doping in the amorphous phase. A potassium concentration of greater than 1 ϫ 10 19 /cm 3 is estimated to be sufficient. 5 This paper reports the results of time-resolved reflectivity ͑TRR͒, transmission electron microscope ͑TEM͒, and secondary ion mass spectroscopy ͑SIMS͒ studies of amorphous silicon films implanted with potassium to a peak concentration of ϳ1 ϫ 10 20 /cm 3 .
Experimental
Potassium-doped amorphous films were prepared by ion implantation using the NEC 1.7 MeV tandem ion implanter at the Australian National University. A single K ϩ implant at 100 keV and at a fluence of 1 ϫ 10 15 /cm 2 was used to create a surface amorphous layer ϳ1600 Å thick. The sample was kept at the temperature of liquid nitrogen, and the wafer was angled on the sample stage to avoid channeling implantation. A second sample was implanted with Si ϩ ͑70 keV, 3 ϫ 10 15 /cm 2 , LN 2 ) to provide an intrinsic amorphous layer for comparison.
The velocity and planarity of the interface were monitored in real time using TRR. Samples were annealed on a hot stage in air at 500, 580, and 640°C. Oscillations in the laser ͑632.8 nm͒ reflectivity correspond to changes in the condition for thin-film interference as the amorphous layer crystallizes. These may be analyzed to yield the interface velocity as a function of time and depth. 1 Samples were prepared for cross-sectional transmission electron microscopy ͑XTEM͒ by cleaving along ͕110͖. Details of this process are provided elsewhere. 6, 7 The XTEM imaging was performed on a Philips CM20 operating at 200 kV located at Monash University in Melbourne.
SIMS was performed using the Riber MIQ 256 located at the Australian National University. The particulars of this technique have been detailed previously. 8, 9 Results and Discussion Figure 1a displays three SIMS profiles of the potassium-doped amorphous layer at different stages in the crystallization at 580°C. The profile denoted by open circles corresponds to the as-implanted case while that denoted by open triangles corresponds to a partial crystallization with the depth of the amorphous/crystalline interface indicated on the figure by a dashed line. This interface depth was determined using Rutherford backscattering spectroscopy ͑RBS͒ as described previously. 8 The open diamonds indicate the profile once the layer has been completely crystallized. By comparing the concentration profiles it is clear that the potassium is refined by the advancing interface during the crystallization. The interface velocity vs. depth profiles extracted from the TRR traces for both an intrinsic ͑dashed line͒ and a potassium-doped amorphous layer ͑solid line͒, both annealed at 580°C, are displayed in Fig. 1b . In the case of the intrinsic layer it is clear that the interface advances initially at a faster rate and then slows down. This effect can be correlated to the infiltration of hydrogen into the film during annealing. Hydrogen retards crystallization. For thin amorphous films such as this, hydrogen from the surface oxide disperses throughout the entire film immediately upon annealing resulting in an almost constant hydrogen profile within the film. The concentration encountered by the interface during the anneal remains almost constant due to the proximity of the surface except in the last ϳ1000 Å where it increases steeply. This accounts for the observed depth dependence of the velocity in the intrinsic case. The intrinsic rate as measured for deep ͑4 m͒ hydrogen-free layers at this temperature is 4.4 Å/s indicating the degree to which hydrogen contamination retards the rate in the thinfilm situation. 1 In contrast to the intrinsic case the velocity profile from the potassium-doped amorphous layer indicates retardation much earlier, and the degree of retardation increases until it reaches an almost constant level. Comparison with the SIMS profile from the as-implanted sample indicates that the decreasing rate of SPE is correlated with an increase in the potassium concentration encountered by the interface. The refinement of the potassium concentration ahead of the interface must be taken into account and the correct SIMS profile must be used for comparisons. Accordingly, the flattening of the velocity profile to a nearly constant retarded rate in the surface region begins when the interface is at the peak in the refined potassium concentration of 1.2 ϫ 10 20 /cm 3 . This value is extracted from the SIMS profile for the partially crystallized film since this reflects the degree of refinement of the potassium during the experiment. Figure 2 shows a zone axis bright field XTEM image of a fully crystallized potassium-doped amorphous silicon layer. The surface is marked by an arrow in this and all subsequent images. It is clear from the image that the near-surface region of the recovered crystal is defective. This is confirmed by looking at the selected area diffraction pattern ͑SADP͒ from the faulted region shown in the inset of the same figure. This exhibits two sets of spots, matrix spots ͑identified with an M͒ and twin spots ͑denoted by the letter T͒. The twins occur on ͕111͖ planes as may be measured from the angle with the surface normal on the micrograph and confirmed with the SADP. The extra spots lying along ͗111͘ and dividing the ͓111͔ reciprocal lattice vectors into thirds are consistent with twinning. The twin axis is determined to be the four possible ͓111͔ directions because a mirror reflection of the matrix diffraction pattern about these axes uniquely determines the extra spots observed. Twin axes in the ͓111͔ directions have been reported in silicon previously. This is the most likely axis for twinning due to the ease with which stacking mistakes can be made on the ͕111͖ surface of silicon. 10 The beginning of the twinned layer corresponds with the onset of the constant retardation observed in the interface velocity profiles. Moreover, the existence of the twinned layer confirms ion channeling measurements on the crystallized film reported in an earlier work. 8 These suggested the existence of a defective layer with some orientation in relation to the substrate as demonstrated here. The depth to which the twinned layer extends is in agreement with the channeling measurements conducted earlier. The end-of-range of the potassium ions ͑labeled ''eor''͒ is evident in the micrograph as a band of dislocation loops. These have been discovered to be extrinsic in nature and form due to the coalescence of excess interstitials in this region.
14 There was no evidence for potassium precipitates in the recovered crystal. Figure 3 displays the results of an XTEM analysis of the partially crystallized potassium-doped amorphous silicon film. Part a of the figure is a zone axis bright field image with the SADP shown as an inset. The lack of intensity in the layer at the surface suggests amorphous material. This is confirmed by the presence of the diffuse amorphous rings in the diffraction pattern. The extent of the amorphous layer is in agreement with the measurement performed using RBS. 8 The twinned growth has just started to occur. The SAPD confirms the presence of twins with some faint twin spots as seen in the preceding figure. Again, the end-of-range is indicated in the figure at the depth of the dislocation loop band. No precipitates are identified in the recovered crystal in this sample. Figure 3b is a multibeam phase contrast image taken on the zone axis. The transmitted spot and all four of the first-order 111 spots were selected to contribute to this image. The feature in the micrograph is the large crystal outgrowth seen in the left side of part a of this figure. Lattice fringes perpendicular to the ͓111͔ directions and with a periodicity corresponding to the ͕111͖ plane spacing are observed. Arrows identify other fringe effects which are found in the recovered crystal and amorphous/crystalline interface region. Higher magnification images of these fringe effects are shown in The onset of twinned growth is synonymous with a roughening of the interface and is reflected in an amplitude extinction in the time-resolved reflectivity trace. Figure 5a displays the reflectivity data for the potassium-doped amorphous silicon film crystallized at 580°C ͑open circles͒. The time-dependent trace has been converted to a depth scale. A simulation of the reflectivity with depth profile in the case of an intrinsic amorphous silicon film is overlaid for comparison ͑dashed line͒. It is clear that the interface roughening is accompanied by a decrease in the reflectivity amplitude. The rough interface was modeled as an inhomogeneous layer of thickness t r between the amorphous and crystalline phases as shown in part b of the same figure. 11 This layer was divided into n sublayers with thickness 1 Å. The refractive indexes of these sublayers were linearly graded from one phase to the other, modeling the microtwins as triangular extrusions of crystalline silicon into the amorphous phase. A fit was made to the data to determine how the interfacial roughening accumulates. One parameter was the depth of the onset of roughening, z O ; another reflected the magnitude of the roughness as a function of the onset depth minus the average interface depth, z 0 Ϫ z. Fits to the data were made assuming linear, natural logarithm, and square root roughness dependencies. Of these the square root dependence resulted in the best fit. The linear fit resulted in too steep an accumulation while the natural logarithm function was too slow to account for the degree of amplitude extinction seen at the surface. The square root function is physical in the sense that a geometric series may represent overall considerations in crystal growth through the lengthening and thickening of microtwins. The microtwin growth is initiated and exacerbated in response to the increased strain due to the presence of potassium. The fit resulting from this square root roughness function is overlaid as a solid line on Fig. 5 . The function describing the roughness is shown as an inset to the graph. Due to the small number of wavelengths in the reflectivity trace an uncertainty of 30% is ascribed to the roughness at each depth and 35% to the onset depth. Examination of the TEM micrographs in the previous figures yields values for the onset depth of 1200 Å and final roughness values of the order of 600 Å, as may be judged from the length of individual microtwins which intersect the surface. These values are consistent with the values obtained in the fit. This method of extracting interfacial roughening from the timeresolved reflectivity data is attractive because it uses two basic parameters to fit the entire reflectivity trace. 12, 13 It is also clear that this method would result in increases in the accuracy of roughness measurements with each additional period in the reflectivity trace available for analysis. Reflectivity traces obtained at the extremes of temperature for SPE ͑500 and 640°C͒ were found to overlay this data when the time axis was appropriately scaled and so are not shown. This indicates that the roughness is a function of interface depth in this case. If differences in roughness accumulation at the different temperatures exist, they would have to be extremely subtle . ͑a͒ Reflectivity data from the potassium-doped film ͑open circles͒ demonstrates a loss of amplitude due to the roughening of the interface caused by microtwin growth. The dashed line is a simulation of the intrinsic case while the solid line is a fit to the data. ͑b͒ A schematic showing the way the rough interface was modeled to obtain the fit to the reflectivity data seen in ͑a͒.
because the roughness is so well articulated in the reflectivity amplitude especially near the surface.
The observations made in this paper indicate that potassium has a substantially different influence on SPE than the substitutional doping species. First, SPE in the presence of low concentrations of potassium is retarded. This may be linked to electronic effects or to the push-out of potassium which is evident in the refinement of the potassium concentration profiles ahead of the interface. Also, after the encounter of potassium concentrations in excess of 1.2 ϫ 10 20 /cm 3 planar epitaxy is upset and yields to twinned growth. In the case of substitutional dopants, the recovered crystal is generally unfaulted. 15 The roughening of the interface due to the nucleation and growth of the microtwins was correlated to a decrease in the amplitude of the TRR trace. The roughening accumulated as a square root function indicating that effects which determine growth via microtwin formation and then size increase may be represented by a geometric series. The faulted growth may be due to the comparatively large ionic radius of potassium ͑133 pm compared with 23 and 44 pm for boron and phosphorus, respectively͒. The lack of evidence of potassium precipitates in the crystallized film may be explained in terms of competing thermally driven processes. As has been determined for antimony, the fact that the interface velocity is much faster than the dopant diffusion results in a metastable supersaturated solid solution of the dopant in the recovered crystal. 16 Subsequent heat-treatment at higher temperatures precipitates the portion of the dopant in excess of the solid solubility at that temperature. In this case the amount of potassium incorporated during the SPE is up to 100 times the solubility at the crystallizing temperature used. 17 The refinement of the potassium ahead of the interface signals a disparity in the solubilities of potassium in amorphous and crystalline regions. However, the lack of flattening of the potassium profiles in both amorphous and crystalline regions indicates no significant diffusion for the times and temperatures used in this experiment, in contrast with previous diffusion data. 17 
Conclusions
The quality of a crystallized potassium-doped amorphous film has been investigated using an XTEM analysis. It was found that SPE yields to twinned growth after a concentration of potassium of 1.2 ϫ 10 20 /cm 3 is encountered by the moving interface. Potassium in concentrations below this value was observed to retard the rate of SPE either due to electronic effects or the energy penalty associated with the refinement of the potassium. Indeed, the retardation due to potassium push-out may mask any electronic contribution to the rate. The rate of twinned growth was found to be almost constant and also the most retarded. Twinned growth was shown to be equivalent to the propagation of an increasingly rough interface. No potassium precipitates were detected in the recovered film indicating that the potassium may have been present as a metastable supersaturated solid solution or in clusters too small to be detected using TEM. Moreover, the potassium was found to diffuse significantly less than has been previously observed in crystalline silicon. This may point to the clustering of potassium in embryonic precipitates in the crystallized film, but this has not been confirmed. The ideal regime for using potassium in such studies of SPE may be identified as below the concentration threshold for push-out and twinned growth. This has been determined in this work as a peak potassium concentration of 1 ϫ 10 20 /cm 3 . A lower peak potassium concentration may separate retardation due to push-out and retardation due to electronic effects. Experiments of this kind may allow refinement of present models of SPE since potassium demonstrates such a departure from the behavior of substitutional dopants.
